INTRODUCTION
The regeneration of multiple limbs in urodeles following the experimental manipulation of the skin covering the limb stump has been well documented in Triturus cristutus (Drain, 1959; Rahmani, 1960) , in Notophthalmus viridescens (Glade, 1957; Settles, 1967 Settles, , 1970 , in Pleurodeles waltl (Lheureux, 1972 (Lheureux, , 1975a , and in Ambystoma mexicanum (Carlson, 1974 (Carlson, , 1975b . Deep tissues of the stump have also been shown to exert morphogenetic controls on the regeneration blastema in N. uiridestens (Glade, 1963) , in P. waltz (Lheureux, 1972 (Lheureux, , 1975a , and in A. mexicanum (Carlson, 1975a, b) . Considerably less work has been done to evaluate the role played by epidermis in the morphogenetic process (Glade, 1963; Carlson, 1975a, b curring between the amputated stump and the developing regenerate (Carlson, 1975b; Iten and Bryant, 1975) , but no work that has been presented previously has examined the timing of morphogenetic events during the process of regeneration.
This paper describes experiments which were designed to answer three basic questions about morphogenetic processes in the regenerating urodele limb: (1) When, during the process of regeneration, are morphogenetic signals transmitted, received, and expressed? (2) To what extent does the skin of the stump influence the regeneration blastema? (3) Can the epidermis overlying the regenerate influence morphogenetic events? MATERIALS 
AND METHODS
All of the experiments reported here utilized the forelimbs of larval axolotls (Ambystoma mexicanum). Animals ranged from 85 to 120 mm in length. Some of the animals were raised in the laboratory at the University of Michigan. The remainder was kindly donated by the axolotl colony of Indiana University.
The animals were fed daily on beef liver, and they were maintained in individual plastic containers.
16 DEVELOPMENTAL BIOLOGY VOLUME 57. 1977 During critical periods of regeneration, all animals were kept in the dark in a Freas 815 low-temperature incubator to maintain a constant temperature of 21°C. At other times, the animals were maintained at 21 * 2°C under a 12-hr light cycle.
RERO WOUND EPIDERMIS

AND STUMP SKIN
MD AT STAGE Experimental animals were prepared by a variety of surgical techniques that can best be described in conjunction with the results. Prior to surgery, all animals were anesthetized in ethyl M-aminobenzoate methanesulfonate (Eastman), diluted 1:lOOO in tap water. Selected limbs from all groups of series 1 and 2 were fixed in Bouin's solution. These regenerates were serially sectioned at 7 pm and stained with Ehrlich's hematoxylin and eosin as controls for the staging of regenerates.
FIG.
1. Methodology of series 1. Skin cuffs were removed, followed by amputation through the cuff. At each of four stages of regeneration (DD, MB, LB, Pal), both the stump skin cuff and the epidermis covering the regenerate were rerotated.
All experimental regenerates were prepared as whole mounts and stained for cartilage by the Victoria blue B method of Bryant and Iten (1974 The goal of the first two series of experiments was to determine a range of stages in the regenerative process during which morphogenetic events are occurring. In order to study the timing of morphogenetic events, a morphogenetic stimulus of known duration was supplied to the regenerate by rotation of the coverings of the stump and regenerate at precise times in the regenerative process.
viously rotated cuff of skin and the epidermis covering the regenerate, returning the skin to its original position. This was accomplished by making a skin incision at the proximal border of the previously rotated cuff, followed by loosening of the skin and epidermis of the regenerate with bent microdissecting forceps. The cuff and epidermis were then peeled off much as one would remove a sock by turning it inside out. After turning this Ysock" right side out, it was replaced over the stump and blastema and was then rotated 180". Two proximal sutures secured each cuff. The stages at which rerotation surgery was performed were: (i) stage of dedifferentiation (DD); (ii) stage of medium bud (MB); (iii) stage of late bud (LB); (iv) stage of palette (Pal) (Tank et al., 1976) . The second surgery removed the disharmony of the rotated skin and epidermis at a clearly defined point in the regenerative process. Sham-surgical controls were prepared for each group by 0" rotation prior to amptutation through the graft. At the appropriate stages of regeneration, the controls underwent surgery for 0" rerotation of the cuff of skin and the epidermis covering the regenerate. Series I. The 72 axolotls of series 1 comprised four experimental groups. All experimental animals underwent surgery for 180" rotation of the skin overlying the upper forelimb, followed by amputation through the cuff of rotated skin (Fig. 1 ). Limbs were allowed to regenerate in the presence of the rotated skin. At each of four stages of regeneration, one group underwent surgery for rerotation of the pre-
The results of this series of experiments are summarized in Table 1 . Mature regenerates were grouped under four classifications. Normal (Nor) limbs were limbs complete with four digits of normal morphology (Fig. 2) . Supernumerary (Sn) regenerates were those possessing greater than the normal complement of four digits ( Fig.  3 and 4) ries 1 verified the stages at which rerotation surgery was performed. In addition, a histological study of 20 cuffs of skin removed from upper forelimbs by blunt dissection revealed a clean plane of separation between the dermis and underlying muscle. Contamination of skin grafts by skeletal muscle was never observed.
The results of series 1 indicate a direct relationship between the duration of the disharmonious influence and the frequency of multiple regeneration.
Removal of the disharmonious stimulus prior to the late bud stage allows the blastema to regulate and correct for misinformation received before this time. Therefore, the disharmonious morphogenetic information first becomes irreversibly fixed in the regenerate between the stages of medium bud and late bud.
Series 2. The second series of experiments used to explore the timing of morphogenetic events in the regenerating limb was the converse of series 1. All 69 axolotls of series 2 had both forelimbs amputated without previous surgical manipulations (Fig. '7) . At each of the four stages of regeneration mentioned previously, one The surgery in this experiment introduced a morphogenetic stimulus of known duration in the regenerative process.
Sham-operated controls were again prepared. Limbs of control animals were amputated as above, followed by 0" sham rotations of the skin covering the stump and the epidermis covering the regenerate, at the appropriate stages. The results of series 2 are presented in Table 2 . When a disharmonious influence was supplied to the regenerating system at the stage of dedifferentiation and was allowed to exist for the remainder of regeneration (as was done in group 1 of series 21, a high percentage of supernumerary limbs was produced. These supernumerary regenerates also possessed a high mean number of digits, indicating their complexity.
When the disharmonious influence of rotated skin and wound epidermis was supplied at the stage of medium bud (as was done in group 2 of series 21, a slightly higher percentage of supernumerary regenerates was produced.
A high mean number of digits was formed on these supernumerary regenerates of group 2. There were no normal regenerates produced in this group, and, as in group 1, digital counts were generally high. In one instance, a 16-digit regenerate was produced ( Fig. 8 When the disharmonious influence was supplied at the late bud stage of regeneration (group 3 of series 2) and was allowed to remain for the duration of regeneration, a slight increase in the percentage of supernumerary limbs resulted, and a larger increase in the mean number of digits produced on those limbs occurred. The regenerates of group 3 were very complex in structure. When the disharmonious influence was supplied at the palette stage (group 4 of series 2) and was allowed to exist for the remainder of regeneration, a slightly lower percentage of supernumerary regenerates was produced, and a lower mean number of digits developed in those supernumerary regenerates. There were only two normal regenerates among the seven sham-operated controls prepared for group 4. The remaining five developed abnormal four-digit regenerates. However, supernumerary structures never formed on sham-control limbs in any of the groups of series 2. This indicates that the trauma of surgery was not sufficient to cause the formation of supernumerary limbs. All histological controls for these groups demonstrated the correctness of identification of the stages at which rotations were performed.
The results of series 2 indicate that multiple regenerates are produced, regardless of the stage at which rotation of limb coverings is performed. Therefore, the regenerate is sensitive to morphogenetic input throughout the range of stages tested.
In summary, the results of series 1 and 2 reveal that the passage of morphogenetic The experiments performed in series 3 and 4 were aimed at determining the effect of rotating only the skin of the stump, independent of the epidermis covering the regenerate.
Series 3. In series 3, the skin of the upper forelimbs of 43 experimental animals was rotated 180", followed by amputation through the graft. At each of two stages of regeneration (MB, Pal), the influence of the rotated skin was removed by rerotation of the cuff of stump skin by 180 (Fig. 9) . The epidermis covering the regenerate was not disturbed.
The second surgery sucessfully eliminated the disharmony between the tissues of the stump without mechanical trauma to the regenerate. Sham-surgical controls were prepared by 0" rotation of skin prior to ampu- tation through the graft, followed by 0 rerotation of only the skin covering the stump at each of the two stages.
The results of series 3 appear in Table 3 . When the disharmonic influence supplied by rotated skin was removed by rerotation of the cuff of skin at the medium bud stage, the percentage of supernumerary regenerates obtained was high (Table 3 , group 1). These regenerates were complex in structure.
When the disharmonious influence of rotated stump skin was removed at the palette stage by rerotation (Table 31,  high percentages of complex regenerates were again produced. The percentage of supernumerary limbs produced is similar to the percentage of supernumerary limbs regenerated after 180" skin cuff rotation without subsequent rerotation.
One regenerate of group 2 developed three hands (Fig. 10) pared for the two groups of series 3 regenerated normally.
Based on the results of series 3, it can be concluded that the rotation and rerotation of the skin covering the stump has a pronounced effect on the morphology of the regenerate, even though the epidermal covering of the regenerate was left undisturbed. regenerate that did form in this group was a rather unusual supernumerary forearm and hand which arose from the mid-forearm level of the normally regenerated limb, rather than from the wrist or hand region as is the usual case (Fig. 12) . Shamsurgical controls prepared for both groups of series 4 regenerated normally.
The results of this experiment indicate that the regenerate is still receptive to morphogenetic influences emanating from the limb stump at the stage of medium bud. The regenerate is largely insensitive to stump influences at the stage of palette.
In summary, the results of series 3 and 4 indicate that the skin covering the stump of the amputated limb has a great deal of influence over the morphology of the regenerate at early stages of regeneration. However, when a disharmonious morphogenetic influence of stump origin was introduced late in the regenerative process (series 4, group 21, the regenerate was largely insensitive to the stump influence.
(IIZ) Can the Epidermis Overlying the Regenerate Influence Morphogenetic Events?
Series 5. In series 5, the forelimbs of 15 experimental animals were amputated without previous surgical preparation (Fig. 13) . At the stage of medium bud, only the epidermis covering the regenerate was rotated MO", leaving the skin covering the stump undisturbed. After mature regenerates had formed, these same forelimbs were reamputated at a more proximal level to allow the rotation of epidermis at the stage of medium bud to be repeated. This process was again repeated to produce rotated epidermal grafts on regenerates at the stage of palette. Sham-surgical controls were prepared by 0" epidermal rotations at the stages of medium bud and palette.
The results of series 5 ( ma1 cells to varying degrees (Fig. 14) . Therefore,
it cannot be stated with certainty that the results seen in series 5 were caused by rotated epidermis.
In summary, the results of series 5 indicate that the rotation of either the epidermis covering the regenerate or something adhering to the epidermis is sufficient to cause the production of multiple regenerates. As an aid to the discussion, a summary of the techniques and results is presented in Table 6 .
The principle findings of the experi- 1959; Michael and Faber, 1971; Stocum, 1968a, b) . In the blastemal rotation experiments of Iten and Bryant (1975) , the anterior-posterior axis of the regenerating limb was found to be specified but unstable at the stage of early bud. These results indicate that cells of very young blastemas possess a certain degree of morphogenetic information.
However, the fact that disharmonic morphogenetic instructions can both be corrected in (series 1) and imposed upon (series 2) regenerates which have passed through the early regenerative stages indicates that the morphogenetic information possessed by the early blastema is not irreversibly fixed in these cells. As late as the stage of late bud, at which time cellular condensations have begun to occur in the blastema so that cells destined to become muscle and cartilage are easily distinguished (Tank, 1976; Tank et al., 19761 (Grim and Carlson, 1974; Michael and Faber, 1971 ) in a proximo-distal sequence, similar to that observed in avian limb development (Saunders, 1948; Summerbell et al., 1973) . Although a great amount of differentiation has occurred in the later stages, the regenerate is still very susceptible to the effects of disharmonic information (series 2). These results do not militate against the theory that proximal blastemal structures are determined before distal structures (Faber, 1959; Michael and Faber, 1971; Stocum, 1968b; Tschumi, 1957) , but they do demonstrate a plasticity of blastemal cells that has not been shown previously.
These experiments have confirmed the observation (Carlson, 1974 (Carlson, ,1975a Lheureux, 1972 Lheureux, , 1975a that stump tissues have a great influence on the morphology of the developing regenerate.
The earliest time during which significant morphogenetic information transmitted by the stump skin and regenerate epidermis is received by the regenerate and expressed as a multiple structure lies between the medium bud and late bud stages. After this time, the disharmonic morphogenetic information provided by 180"-rotated stump skin has irreversibly influenced the cells of the regenerate, and attempts to correct the disharmony fail. The regenerate is receptive to morphogenetic input at all stages tested. Although DeBoth (1970) and Stocum (1968a, b) Contrary to previous results (series l), when the disharmonic influence of stump skin is removed at the stage of medium bud by rerotation of the skin independent of the epidermis covering the regenerate, the regenerates continue to produce supernumerary structures. This result could be explained in several ways. After the removal of stump disharmony, the regenerate could have acted, in the sense of Stocum (1968a, b) and DeBoth (19701, as a selforganizing system. In this case, the regenerate would continue to produce supernumerary structures even after the removal of the disharmonic stump stimulus. This seems doubtful in view of the results obtained after a similar duration of disharmanic stimulus was supplied to the regenerate and was then removed at the stage of medium bud (in series 1). When the epidermis was not rerotated, the stimulus provided by it was sufficient to allow the continued production of supernumerary regenerates, even though stump influences were again in harmony.
The presence of a nonrotated epidermal covering on the regenerate at the stage of medium bud was not sufficient to prevent supernumerary limb production after rotation of the skin of the stump (series 4). In this experimental design, the epidermis was simply another normal influence upon the regenerate which was in harmony with deep stump tissues, but which was in disharmony with the rotated skin. The result was the formation of supernumerary 30 DEVELOPMENTAL BIOLOGY VOLUME 57, 1977 limbs. Although the epidermis appears to have exerted a stabilizing influence when stump disharmony was introduced to the regenerate at the stage of palette (series 41, this stability is more likely due to another factor. As stated previously, the regenerate at the stage of palette displays a high level of internal organization and advanced cellular differentiation.
It has been shown (Carlson, 1975b; Lheureux, 1972 ) that stump morphogenetic influences can be exerted over a distance of only 1 or 2 mm through tissues possessing morphogenetic stability.
Even though the regenerate is still receptive to morphogenetic input at the stage of palette, the basal regions of the regenerate have become morphogenetically stable by the method described by Grim and Carlson (1974) . The effect of rotated stump skin is effectively screened by these stable proximal regions of the blastema.
By the time the regenerate has reached the stage of medium bud, the epidermis that covers the regenerate is well developed, with a clearly defined apical epiderma1 thickening (AET) (Thornton, 1968) . Electron microscopic observation has revealed that the epidermal cells possess a cisternal type of endoplasmic reticulum not seen in nonregenerate epidermis (Singer and Salpeter, 1961) . It has been suggested that this type of endoplasmic reticulum may be used for the production of protein-rich substances. Recent evidence (Chapron, 1974) has shown that cells of the AET in the regenerating forelimbs of newts are able to incorporate [3Hl-fucose into an exportable glycoprotein which later appears on the membranes of blastema1 cells and even in their cytoplasm. Although no evidence exists which suggests that the product is a morphogenetic messenger, these findings do imply that the epidermis of the regenerate is in very close communication with blastemal tissues during the critical phases of limb regeneration.
The work of Tschumi (1956) on limb development in Xenopus tadpoles has shown that 90" rotation of an amphibian ectoderm possessing a distinct apical ectodermal ridge can cause the production of limbs with 90" axial disturbances.
Similarly, the rotation of the epidermis that covers the regenerate (which also possesses an apical thickening) also results in morphogenetic disturbances.
When rotation is performed at the stage of medium bud, few supernumerary regenerates of low complexity are formed. This indicates that the disharmonious influence causing the regenerative disturbance may be of lesser intensity than the influence responsible for the results of series 1 and 2. The fact that epiderma1 rotation at the stage of palette produces regenerates of higher complexity may be due, in part, to the effect of cells accumulating deep to the basement membrane of the epidermis prior to dermis formation. Due to this contamination of the epidermal grafts by blastemal cells, the results of series 5 cannot be attributed entirely to the influence of the epidermis. However, these results do indicate that the epidermis covering the regenerate may influence morphogenesis.
This view is in opposition to the results of Glade (1957 Glade ( , 1963 and Carlson (1975b) . Both Glade and Carlson indicated that. stump epidermis does not possess morphogenetic information and suggested that the morphogenetic potential of whole skin resides entirely in the dermis. This may be true for stump tissues, since their experiments involved the rotation of epidermis over stump tissues but not over the regenerate itself. It may be possible for the epidermis covering the regenerate to exert morphogenetic influences on the regenerate merely because it lies in direct contact with the labile cells of the blastema. Although the results of series 5 are not sufficient to disprove the findings of Glade (1957 Glade ( , 1963 and Carlson (1975b) , they do add a new dimension to the study of morphogenetic interactions in the regenerate.
Whether the role of the amphibian epi-
